This paper shows the development of a vertical balance control system on a bipedal robot prototype of 10 DOF (degrees of freedom), belonging to the ARMOS research group. The control system was simulated off-line in order to observe the response time, and then implemented in a microcontroller. This document describes the process that was carried out to achieve the objective, from the adaptation of the plant, to the results of the simulations and the tests carried out, where it is evident how an articulation is taken to its position of balance.
Introduction
Robotics is a very important branch of engineering for everyday life, both industrially and in service applications [6] . This last field has seen the need to create machines that physically resemble the human body, this led to the development of bipedal platforms [2] . The main reason for the construction of humanoid robots is to duplicate the performance of human movement in human environments, and to help the integration with people [1] . From this arises the need to control the movement and characteristics of robots in order to emulate the movement of the human body.
To achieve robot operation, software and instrumentation are required to implement the control strategy. The prototypes use different components such as processors, sensors and actuators. The sensors pick up both the signals from the robot environment and the signals from each joint depending on where they are incorporated. The signals are then sent to the control software, where decisions are made, which are later sent to each actuator [3] .
A first example of these platforms, of great influence in our research, is [5] . Here is a control system that consists of a master controller that moves 16 servomotors that allow the movement of both legs and two fuzzy controllers, one for each foot. The bipedal platform on which the control system was implemented is similar to the one presented in this project. Other important examples include [2, 4, 3] .
Another important antecedent to the research is the previous work of the ARMOS group. In [8] a control strategy is presented that considers the energy of the system, and therefore how it should be stimulated to achieve balance. The general strategy adopted to recover the balance of the leg consists of considering the system in two general states of operation, when there are large inclinations, and when these are small, therefore using two control surfaces.
Many other researchers have focused on the development of bipedal humanoid robots [10] . Some humanoids have been created capable of performing specific walking tasks, but there are still many problems to be solved [7] . One of the most commonly used strategies in control is fuzzy logic systems [1] . These systems simplify work with non-linear plants and various control surfaces.
The paper is organized as follows. In Section 2 we present some preliminary concepts, the functional profile of the prototype and detail the design of the control, including the selection criteria and final specifications adopted. In Section 3 we present the evaluation of the performance of the prototype. Finally, the Section 4 concludes the paper.
Materials and Methods
The project focuses on the design, implementation and evaluation of a vertical balance control system in a bipedal robot (Fig. 1) . The control strategy was selected because of its ease of combining different control surfaces into a single scheme with uniform output. In addition, it provides robust control that makes it possible to control non-linear systems in a simple and reliable manner.
The control system must perform a control action such that the inputs are brought to the set reference point in a short time and without exceeding the set reference point, regardless of the initial conditions of the system or external disturbances.
We define as control strategy a fuzzy system with fuzzy rules specific to each joint. The input variables in each joint are the position error and the change in position error. These two variables were encoded in 7 bits. This coding is done to implement by hardware the control scheme in order to reduce to Figure 1 : Prototype of bipedal robot of the ARMOS research group [9] the maximum the execution time. The coded values were simulated off-line to create the control response table, which reduces the processing time to that required to read the response data in memory.
To maintain or regain the balance we use a distributed control, that is, each of the six joints (hips, knees and ankles) has its own rules of control. We use MatLab to create the six fuzzy blocks (one for each joint). In each block we established the fuzzy sets corresponding to the two input and output variables. To determine the position error we use the equ. (1) .
The proposed control strategy considers two scenarios. The first when the tilt angle is in a position close to the vertical reference, and the second when the tilt angle is far from the reference. In both cases, the aim is to inject energy so that the system can recover its equilibrium position without overshooting. For this control strategy it is necessary to take into account two control surfaces, the first one in which a series of rules are defined that indicate how to maintain the balance, and the second one by means of an equation that indicates how much energy to apply to the system to recover the balance of the joint.
To obtain a continuous control system it is necessary to define a scheme capable of switching between the two surfaces. For this reason we use a fuzzy inference block as a global control strategy (Fig. 2(a) ). The control action is interpreted as the force applied to the joint by a motor. The control rules were constructed according to the behavior of the variables and the position of the joint. We simulate a model of the leg, assuming a bar of length 2L and mass m (Fig. 2(b) ). The motion is described by equ. (2) .
3 Results and Discussion
As control unit we use an Arduino Mega 2560. It senses the data of the flexion sensors, calculate the input variables, look for the control action in the table, and control the servos. To calculate the position error in the joints, we used four 2.2" flexion sensors and two 4.5" flexion sensors. To read the angular velocity in each segment we use the MPU 9150 sensor with gyroscope, accelerometer and compass. Fig. 3 shows the plant with the names of sensors and actuators. The universal set for fuzzy sets is defined according to the range of motion of each joint. We defined five triangular fuzzy sets for each of the fuzzy variables.
The language variables used are: N G (Large Negative), N P (Small Negative), ZE (Zero), P P (Small Positive) and P G (Large Positive) (Fig. 4) . For the definition of the control rules the following propositions were used ( Fig. 5 ):
• If the angle is relatively large (NG or PG) and the angular velocity is high and in the same direction as the angle, the control action must be large and opposite to the movement of the leg.
• For small angles, close to zero, the previous control action is extended to the angles to avoid oscillations at the equilibrium point.
• If the angle is relatively large (NG or PG) and the angular velocity is high and in the opposite direction to the angle, the control action must be smooth and opposite to the movement of the leg in order to avoid oscillations.
• If the angle is small and the angular velocity is low and in the same direction as the angle, the control action must be low and opposite to the movement of the leg.
• If the angle is small and the angular velocity is low and in the opposite direction to the angle, the control action must be zero in order to avoid oscillations. The performance of the control system was verified by simulation in MatLab. We model the system using a differential equation, which was calculated at intervals of 150 us (approximate response time of the microcontroller) according to the response of the fuzzy control. We performed many simulations for different initial conditions, and in all cases each joint, and therefore the robot, managed to reach its equilibrium point without overshooting. Fig. 6 shows some of these simulations.
The implementation of the control was done on hardware to reduce the processing time. The input variables, defined from the sensor readings, were used as search indices in a matrix, where each output term corresponds to the value of the control action (one matrix per joint). We performed several tests on the real prototype to verify its performance, and in all cases the system was able to achieve balance. One of these tests can be seen at: https://youtu.be/JhB3WIW9bts
Conclusions
We developed a balance control system on a bipedal robot, using fuzzy logic as tool. As a design strategy we consider the energy required by the system to achieve balance. The control rules were defined for each of the robot's joints. The control scheme was simulated and implemented by hardware, and all the tests performed showed its ability to maintain balance. 
